Administration of diethylnitrosamine J.P. at dose level of 2 mg/kg five days a week to young Sprague-Dawley rats induced foci of altered hepatocytes entirely devoid of glucose-6-phosphatase and adenosine triphosphatase activity. Several weeks later, these foci developed hepatocellular carcinoma mostly of the trabecular type.
INTRODUCTION
The hepatocarcinogenicity of diethylnitrosa mine (DENA) has been extensively studied in various species of experimental animals . Almost all hepatocellular carcinomas developing after the administration of the hepatocarcinogen have demonstrated a lack in the activity of certain enzymes; namely glucose-6-phosphatase and adenosine triphosphatase as visualized histochemically (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . The initial response to DENA administration has been also manifested by glucose-n-phosphatase-deficient hepatocytes which first appeared singly, then in groups forming "islands" or "hyperplastic foci" which can be Presented at the International Symposium of the Society of Toxicologic Pathologists Reston, Virginia May 10-12, 1982. 50 differentiated from the surrounding normal parenchyma biologically, biochemically and morphologically (32) (33) (34) and can be distinguished only histochemically (23) (24) (25) (26) (27) . It has been suggested that these foci of altered hepatocytes may represent the first morphologically altered stage in liver carcinogenesis and may serve as a proximate or near-ultimate neoplastic stage in the unknown sequence of processes leading from normal to cancer cells.
The present investigation was undertaken not only to study the ultrastructural features of these altered hepatocytes at their early and late "preneoplastic" phase of transformation, but also to correlate the similarities of such features with counterparts predominantly encountered in the ultimate hepatocellular carcinomas.
MATERIALS AND METHODS
Young adult Sprague-Dawley (Charles River Breeding Laboratories, Inc.) 6 week old rats of both sexes were individually caged in a room with constant temperature at 25 C, and fed a Purina Chow diet. Administration of DENA started after one week of acclimation. Prior to this study, pilot experiments were carried out using relatively high doses of DENA such as 10, 20 and 25 rug/kg given J.P. to the rats 2-3 times a week for 10-20 weeks. These doses were found hepatotoxic and the mortality rate among the animals was extremely high. Although the major outcome of these studies was multiple hepatocellular carcinoma, the latent period between the appearance of the histochemically-altered liver cells and the tumor formation was very short. Therefore, it has been suggested to use a very low dose of DENA in order to follow the histopathologic events taking place during the progression of carcinogenesis at a prolonged period.
In the present study, rats received a daily J.P. injection of 2 mg DENA/kg 5 days a week for 14 weeks then the rats were divided into two groups treated as follows: a. One group of rats continued to receive the same dose of DENA up to 20-27 weeks.
b. The other group of rats was left without DENA treatment for periods that varied from 4 to 17 weeks to study the effect of DENA withdrawl on the course of tumor development in this group.
The histopathologic changes in these two groups were compared with those that resulted from the J.P. injection of an extra group of rats with 25 mg DENA/kg twice a week for 10-20 weeks.
The test animals and their controls were killed at 2-week intervals and those from the recovery group at 4-week intervals.
For routine histologic studies, pieces of liver were fixed in phosphate-buffered formalin and the sections were stained with H&E, Masson trichrome and PAS with or without diastase digestion. Fresh frozen sections were used to localize the activity of glucose-6-phosphatase (35) , adenosine triphosphatase (36) and y-glutamyl transpeptidase (37) .
For electron microscopic studies, small pieces of liver or tumor nodules were fixed by immersion in s-collidine-buffered osmium tetroxide, dehydrated then embedded in Epon 812. Plastic-embedded 0.5 fL-thick sections stained with toluidine blue were first exam-ined in the light microscope to delineate the areas to be studied at the ultrastructuralleveI. Ultrathin sections stained with uranyl acetate and lead citrate were then examined in Zeiss EM-9S electron microscope.
RESULTS
A marked sex difference has been noted in response to the administration of DENA. The female rats were more susceptible to DENA than the male counterparts, not only by showing a higher mortality rate (48%) as compared to (29%) in males, but also by developing tumors earlier and faster than the male rats. In the group of rats given DENA at the dose level of 25 rug/kg, the mortality rate was much higher and reached 42% in the males and 67'Yo in the females. Most of these rats died from hepatic and pulmonary hemorrage and severe hepatic necrosis. The survivors developed cirrhosis and advanced hepatomas.
Using the glucose-6-phosphatase deficiency as a marker for neoplasia, the sequence of events noted in the DENA-treated rats was as follows:
After 2-10 weeks of dosing, the liver showed regular distribution and normal activity of glucose-6-phosphatase. However, a large number of hepatocytes appeared as clear cells in the H&E-stained sections indicative of glycogen storage as reported by others (38) .
After 12 weeks of DENA treatment livers of the male rats showed histochemically-altered hepatocytes in islands relatively smaller and fewer in number than those encountered in the female rats ( Figure 1 ). In the males, such islands were irregularly distributed while those seen in the females were mostly in the mid zonal areas of the hepatic lobules.
The earliest appearance of well-defined, circumscribed tumor nodules was detected in the liver of female rats after 14 weeks of exposure to DENA ( Figure 2 ) and only after 2 weeks from the appearance of the glucose-6phosphatase-free islands. Similar tumor nodules appeared 8 weeks later in the males i.e., after 22 weeks of treatment with DENA. The withdrawal of DENA after 14 weeks of treatment had no reversal effect on the course of tumor development ( Table 1 ). Six of ten female rats in the recovery group died within 2-6 weeks and all their livers as well as those examined from the sacrificed ones showed advanced hepatomas. pyknosis, karyorrhexis, dysplasia were often seen at that stage.
b. Surface Membranes: The earliest recognizable ultrastructural change taking place in the DENA-induced altered hepatocytes occurred as increased pinocytotic activity along the lateral apposing cell membranes bordering the intercellular spaces ( Figure 4 ). Normally such activity is usually seen at the sinusoidal surface. These surface membranes also showed other irregularities characteristic of cancer cells. The cell membranes appeared first undulating and interdigitating with one another forming complex foldings, then later on they showed deep invaginations with elongated microvilli especially when approaching the sinusoidal border. Associated with these changes, there was a marked reduction or loss of the desmosomes. The bile canaliculi were often dilated displaying enlarged microvilli forming engorged blebs obliterating the canalicular lumen ( Figure 5 ). The cell surface facing the sinusoids appeared devoid of microvilli and the space of Disse was narrow and indistinguishable ( Figure 6 ) exhibiting an early phase in the capillarization of the sinusoids.
c. Endoplasmic Reticulum: After 10 weeks of exposure to DENA, the endoplasmic reticulum of the altered hepatocytes underwent profound changes. The parallel arrayed rough endoplasmic reticulum (RER) commonly seen in normal hepatocytes appeared disarrayed, dispersed, disrupted and strikingly diminished. Some cells demonstrated marked dilation of the cisternae forming "lake-like" structures ( Figure 7 ) retaining few ribosomes still attached. With further growth of the altered foci, detachment of ribosomes from the RER and the formation of clusters or diffuse pattern of free ribosomes became prominent. In late phases of transformation of these altered hepatocytes, the RER profiles appeared tortuous, sometimes elongated and encircling mitochondria and peroxisomes.
On the other hand, the changes in the smooth endoplasmic reticulum appeared first as clusters of short cisternae or dilated vesicles. Later on, considerable hypertrophy of the SER was evident in many of the altered hepatocytes. Concentric arrays of smooth surfaced membranes forming "fingerprints" like structures were frequently seen surrounding fat droplets ( Figure 8 ).
Data from our studies of P-450 indicated that the proliferating SER in the DENA-induced neoplastic nodules was of the hypertrophic hypofunctional type (Table 2. hibited marked variations in size and shape. Their matrices were generally pale and intramitochondrial granules were absent. Among the wide range of abnormalities noted were irregular cristae showing both lamellar and circular profiles. Occasional mitochondria exhibited wrinkled membranes ( Figure 9 ) while others showed bizarre arrangements with criss-cross cristae ( Figure 10 ). e. Golgi Apparatus: At the initial phase of the hepatocytic transformation, the dictyosomes of the Golgi apparatus appeared elongated and the Golgi vesicles swollen and distended. Later on, the Golgi apparatus was displaced from its usual pericanalicular site and exhibited an "active" appearance. The vesicles contained an abundance of electrondense opaque material. Advanced alteration of the Golgi appeared in the form of multiple Golgi zones per cell and in some instances four of these zones were counted.
f. Annulate Lamellae: Advanced altered hepatocytes frequently revealed prominent complex annulate lammellae in the cytoplasm. This organelle appeared contiguous with either adjacent RER or SER. It consisted of 5-8 parallel, stratified tubules displaying periodic constrictions marked by short fibrils fanning out in the adjacent cytoplasm. These constrictions appeared in register of their double membranes. The lateral margins were usually dilated and continuous with the endoplasmic reticulum (Figure 11 ). g. Nucleus: Among the early prominent nuclear changes encountered in the present study were enlargement, atypia, pyknosis, karyorrhexis and dysplasia. In advanced stages of the preneoplastic phase, the preva- (Figure 12 ), a variety of unusual configurations and nuclear inclusion bodies. In light microscopy, these nuclear inclusion bodies appeared as if they were fat or glycogen deposits. In many instances, these deposits failed to demonstrate the presence of fat or glycogen and showed PAS-negative reaction. Our electron microscopic studies revealed that such inclusions were not products of the nucleus per se but were merely segments of the endoplasmic reticulum entrapped inside the pliable invaginating nuclei (Figures 13 and 14) .
II. Neoplastic Nodules:
The earliest discernable, well-defined and circumscribed tumor nodules were detected in the livers of the female rats after 14 weeks and in the males after 22 weeks of exposure to DENA. Some of these nodules appeared anaplastic while others exhibited a high tendency to hemorrhagic disintegration. Veno-ocelusive lesions involving the hepatic veins have been also encountered. The majority of these neoplastic nodules comprised well differentiated neoplastic cells and were predominantly of the trabecular type. Bile duct and ductal cell proliferation were also frequently seen.
In general, the neoplastic nodules comprised a mixture of heterogeneous cell populations showing histologic atypia with marked variations of cytostructure from one neoplastic cell to another displaying features characteristic of hepatocellular carcinoma ( Figure  15 ). They also showed ultrastructural features similar to those seen in the altered hepatocytes. Among these prominent similarities were: irregularities in cell membranes, marked reduction or loss of the desmosomes, obliteration of the bile canaliculi, hypertrophy of BER, decreased RER profiles, circumscription of mitochondria by remnants of RER, multiple Golgi zones and well developed annulate lamellae.
In this study, a special interest has been focused on the nature of the bile canaliculi occurring in the neoplastic nodules and on the presence of cells bearing features of fetal liver cells. The well differentiated neoplastic cells revealed a variety of bile canalicular configurations totally different from each other in form and function. The most predominant form appeared as normal bile canaliculi with slender microvilli and delicate ectoplasm with sparse microfilaments (Figure 15 ). These bile canaliculi appeared to be functional as evidenced by the presence of bile deposits in their lumen. Another configuration appeared as dilated canaliculi without microvilli but the ectoplasm was densely packed with microfilaments ( Figure 16 ). A third variety was encountered mostly in advanced tumors where the bile canaliculi were extremely dilated with aborted microvilli and often exhibited lateral ampullae invaginating in the adjacent cytoplasm ( Figure 17 ).
The tumor nodules often revealed the presence of cells with characteristic fetal features. These cells appeared with prominent nuclei and eccentric nucleoli identical to those usually seen in fetal hepatocytes (Figure 18 ). Studies of alpha-fetoprotein in our laboratory revealed that its detection in the sera and in the cells was positive only when such cells with fetal features were present. The altered hepatocytes in their early "preneoplastic" phase failed to give a positive reaction for alpha-fetoprotein.
III. Cirrhotic Nodules:
Surviving rats from the group given DENA at the 25 rug/kg dose level developed cirrhotic nodules and tumor nodules. Macroscopically, the cirrhotic nodules appeared smaller in size, well defined and darker in color. Microscopically, these nodules were usually circumscribed by a thin rim of fibrous trabeculae. The cells in the cirrhotic nodules appeared as normal hepatocytes, relatively smaller in size and very rich in glucose-6-phosphatase (Figure 19 ). They showed a normal ultrastructure typical of normal regenerative hepatic cells. These cells exhibited normal RER/SER ratio ( Figure 20) and very often there were heavy clusters of ribosomal rosettes (Figure 21 ) indicating active synthesis of protein.
DISCUSSION
The experimental model of this study was designed to use a relatively low dose of DENA to avoid any hepatotoxic reaction and to follow at a longer duration the sequence of changes taking place in the altered hepatocytes during their transformation to neoplastic cells. Our electron microscopic studies have confirmed that these altered hepatocytes undergo marked cytologic alterations and in their ultimate course acquire features characteristic of neoplastic cells.
Before the detection of the histochemicallyaltered foci, large number of cells revealed excessive storage of glycogen similar to that noted by others after the administration of ethionine, 2-fluorenylacetamide (39, 40) , DENA (26) and nitrosomorpholine (19, 38) . Of special interest is the fact that the DENAaltered hepatocytes show surface membrane irregularites similar to those reported by others using other hepatocarcinogens (41) (42) (43) (44) (45) . Among these irregularities are the absence of various forms of specializations such as the loss of desmosomes, tight junctions and the marked obstruction of the bile canaliculi.
Disintegration and disruption of the RER reflects disturbance in protein synthesis while increased proliferation of smooth SER appears to be induced to cope with the adaptation and biotransformation metabolic processes of DENA but later on-as our preliminary data on the activity of P-450 indicatedit appears to be ineffective and is changed to the hypertrophic hypofunctional type. The annulate lamellae have been observed in adult mammalian liver only in neoplastic cells (46, 47) and shortly after the administration of toxic agents. Although the location of this organelle appears to be related to the endoplasmic reticulum, its exact role is not definitely known. Merkow et al (47) suggested that annulate lamellae might be involved in protein synthesis and cell proliferation. 
ZAKI TOXICOLOGIC PATHOLOGY
Nuclear changes during the early phase of hepatocarcinogenesis have been extensively investigated (14, 39, (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) . During the early transformation of the altered hepatocytes induced by DENA, the nucleoli show marked dense microspherules (basic proteins) either surrounded by a nucleolar network or at the periphery of the nucleolus. Progressing changes may appear as nucleolar separation of nucleolemma from the pars amorpha.
The cytostructure of the cells in the tumor nodules induced by DENA resembles to a great extent that described by others for tumor cells developed by using a variety of other hepatocarcinogens (19, 32, 33, 46, 50, (54) (55) (56) (57) (58) . Although the cells of the tumor nodules consistently demonstrated a variety of changes in their cytologic structure, they often shared some resemblance to normal hepatocytes. Some of these cells appeared poorly differentiated while others exhibited a remarkable preservation of RER circumscribing mitochondria, active bile canaliculi, pinocytotic activity along the entire cell membranes. Clustering of SER, capillarization of the sinusoids and loss of attachment devices of the cell membranes were seen in all types of cells encountered in the neoplastic nodules. Becker (59) suggested that "capillarization of the sinusoids" represented new capillaries developing in response to the elaboration of a tumor angiogenic factor and forming blood supply to the growing tumor.
As seen by electron microscopy, the cirrhotic nodules differ radically from the tumor nodules and one can expect many characteristic features of the neoplastic cells in the cirrhotic nodules if the latter were the site of neoplastic transformation.
The effect of DENA administration even at the smallest dose level such as 2 mg/kg for 14 weeks appears irreversible. Withdrawal of DENA in the recovery group after the appearance of the histochemically altered hepatocytes did not stop or hinder the course of carcinogenesis. The concurrent appearance of hepatomas in both the recovery and nonrecovery groups of rats may be attributed to various factors including "memory effect" of carcinogen action (total dose given to induce the altered cells) and "time effect" or the time during which these doses were examined (60 DENA altered hepatic cells DISCUSSION DR. BANNASCH: To come to these changes showing high activity of glucose-B-phosphatase, there have been very early observations by Friedrich-Freksa and colleagues that you may have under diethylnitrosamine focal lesions which also show a high activity of glucose-6-phosphatase. We have made a similar observation in the nitrosmorpholin treated liver. My question is-do you have, in advance of these glucose-B-phosphatase, highly positive nodules, such focal lesions which might be related to the development of these nodules?
DR. ZAKI: I didn't see any lesions other than these. From our experience with choline deficient nodules, (on the electron microscope I was comparing both of them) they showed similar structures. I have also seen glucose-6phosphatase activity under the electron microscope, but unfortunately I didn't get the slides to show the sequence and where they are loca ted. DR. WEINBREN: Dr, Zaki, may I ask you whether you think the nodules that seem to have the characteristics of hyperplastic nodules might be a result of the destruction of the liver by the tumor that has developed and may not be a stage in the development of the tumor at all? DR. ZAKI: Nearly DR. WEINBREN: You described two sets of nodules in that last liver. You said one was a cancerous nodule. The other one, you said you would like to call a cirrhotic nodule.
DR. ZAKI: We didn't keep the animals longer than 31 weeks. The cirrhotic nodules showed a positive reaction for glucose-B-phosphatase while the cancerous nodules did not.
DR. WEINBREN: Regeneration, as you know from your work with Friedrich-Freksa, takes three days. So, there's no problem about that. What I'm asking is whether these nodules which seem to be so normal, could not just represent the effects of the destruction by the cancer of the remaining liver and represent merely a hyperplastic response? DR. ZAKI: That's quite possible, but you see the structure inside cirrhotic nodules is not like the structure of the hepatic lobule.
DR. WEINBREN: Oh, but the cells are, aren't they?
DR. ZAKI: Yes, the cells are. That is why I call them regenerative nodules or cirrhotic nodules because they are flat, and sometimes they are two plate thick structures typical of regenerative nodules.
. DR. WEINBREN: Well, I think that's the point I was making, that in point of fact, your last nodules have nothing to do with the carcinogenetic process. They are merely responses to the destruction of the parenchyma. DR. ZAKI: Quite possible.
